The spindle checkpoint prevents aneuploidy by delaying anaphase onset until all sister chromatids achieve proper microtubule attachment. The kinetochore-bound checkpoint protein complex Mad1-Mad2 promotes the conformational activation of Mad2 and serves as a catalytic engine of checkpoint signaling. How Mad1 is targeted to kinetochores is not understood. Here, we report the crystal structure of the conserved C-terminal domain (CTD) of human Mad1. Mad1 CTD forms a homodimer and, unexpectedly, has a fold similar to those of the kinetochore-binding domains of Spc25 and Csm1. Nonoverlapping Mad1 fragments retain detectable kinetochore targeting. Deletion of the CTD diminishes, does not abolish, Mad1 kinetochore localization. Mutagenesis studies further map the functional interface of Mad1 CTD in kinetochore targeting and implicate Bub1 as its receptor. Our results indicate that CTD is a part of an extensive kinetochore-binding interface of Mad1, and rationalize graded kinetochore targeting of Mad1 during checkpoint signaling.
The spindle checkpoint prevents aneuploidy by delaying anaphase onset until all sister chromatids achieve proper microtubule attachment. The kinetochore-bound checkpoint protein complex Mad1-Mad2 promotes the conformational activation of Mad2 and serves as a catalytic engine of checkpoint signaling. How Mad1 is targeted to kinetochores is not understood. Here, we report the crystal structure of the conserved C-terminal domain (CTD) of human Mad1. Mad1 CTD forms a homodimer and, unexpectedly, has a fold similar to those of the kinetochore-binding domains of Spc25 and Csm1. Nonoverlapping Mad1 fragments retain detectable kinetochore targeting. Deletion of the CTD diminishes, does not abolish, Mad1 kinetochore localization. Mutagenesis studies further map the functional interface of Mad1 CTD in kinetochore targeting and implicate Bub1 as its receptor. Our results indicate that CTD is a part of an extensive kinetochore-binding interface of Mad1, and rationalize graded kinetochore targeting of Mad1 during checkpoint signaling.
dimerization | mitosis | X-ray crystallography | multivalency | chromosome A neuploidy is a major form of genomic instability in human cancers and can result from chromosome missegregation in mitosis. The spindle checkpoint is a cell-cycle surveillance system that guards against chromosome missegregation (1) (2) (3) . Unattached kinetochores that exist intrinsically during normal prometaphase or as a consequence of spindle damage caused by exogenous chemical agents activate the checkpoint. The spindle checkpoint proteins, including Bub1, BubR1, Bub3, Mps1, Mad1, and Mad2, are recruited to unattached kinetochores in a hierarchical fashion and undergo enzymatic and conformational activation. The activated checkpoint proteins collaborate to inhibit APC∕ C Cdc20 (the anaphase-promoting complex/cyclosome bound to its mitotic activator Cdc20) (4) (5) (6) , thereby stabilizing the APC/ C substrates, securin and cyclin B1, and delaying anaphase onset until all kinetochores reach proper spindle attachment.
The constitutive Mad1-Mad2 core complex is a downstream component of the kinetochore-targeting hierarchy. The recruitment of Mad1-Mad2 to unattached kinetochores requires upstream kinetochore-bound components, including the Ndc80 complex consisting of Ndc80, Nuf2, Spc25, and Spc24 (7, 8) . At the kinetochores, the Mad1-Mad2 core complex catalyzes the conformational activation of the unusual two-state protein Mad2, which has two natively folded conformers, open-Mad2 (O-Mad2 or N1-Mad2) and closed-Mad2 (C-Mad2 or N2-Mad2) (9) (10) (11) (12) (13) (14) (15) (16) . C-Mad2 in the Mad1-Mad2 core complex recruits cytosolic O-Mad2 through asymmetric dimerization and converts O-Mad2 into intermediate Mad2 (I-Mad2) or unliganded C-Mad2, which then binds to Cdc20. Formation of the Mad2-Cdc20 complex further promotes the binding of BubR1-Bub3 to Cdc20, forming the APC/C-inhibitory mitotic checkpoint complex (17) . Thus, the Mad1-Mad2 core complex is a key catalytic engine of the spindle checkpoint.
Despite the importance of kinetochore-bound Mad1 in the spindle checkpoint, the mechanism of its kinetochore targeting is not understood. A C-terminal fragment of yeast Mad1 containing the highly conserved C-terminal domain (CTD) is necessary and sufficient for its kinetochore localization and checkpoint function (18) . By contrast, an N-terminal fragment of Xenopus Mad1 lacking the CTD has been shown to localize to kinetochores (19) . Finally, mutation of T680, a residue within the CTD and a potential Plk1 phosphorylation site, in human Mad1 has been reported to diminish its kinetochore localization (20) . It is thus unclear whether Mad1 has conserved kinetochore-targeting domains. The kinetochore receptor or receptors of Mad1 are also unknown.
In this study, we have determined the crystal structure of the CTD of human Mad1. Unexpectedly, Mad1 CTD has a fold similar to those of the kinetochore-targeting domains of the Ndc80 complex component Spc25 and the yeast monopolin subunit Csm1, despite the lack of obvious sequence similarity. We show that nonoverlapping fragments of Mad1 can achieve detectable kinetochore targeting. Deletion of Mad1 CTD diminishes, does not abolish, Mad1 kinetochore targeting. Structure-based mutagenesis identifies a conserved RLK motif in Mad1 CTD critical for Mad1 kinetochore targeting in human cells. Interestingly, the same RLK motif is required for the checkpoint-stimulated Mad1-Bub1 interaction in yeast (21) . Consistently, Bub1 is required for Mad1 kinetochore targeting in human cells, and depletion of Bub1 by RNA interference (RNAi) does not further reduce the kinetochore targeting of a Mad1 RLK-motif mutant. These results implicate Bub1 as a possible kinetochore receptor for Mad1 CTD. Therefore, Mad1 has an unusually extensive kinetochore-binding interface with multiple quasi-independent contacting sites, one of which involves the CTD.
Results
Mad1 CTD Forms a Dimer and Has a Fold Similar to Spc25. Mad1 contains an N-terminal coiled coil domain and a CTD (Fig. 1A) . The Mad2-interacting motif (MIM) is located just N-terminal to the CTD. The structure of a 120-residue Mad2-binding fragment of human Mad1 bound to Mad2 had been previously determined (11) . Other domains of Mad1 had not been structurally characterized. Because Mad1 CTD was highly conserved from yeast to man, we sought to determine its structure. We expressed and purified a series of CTD-containing human Mad1 fragments with different N-terminal boundaries and examined them using nuclear magnetic resonance (NMR) spectroscopy. Heteronuclear single quantum correlation spectra revealed that the Mad1 CTD fragment containing residues 597-718 was well folded and had no flexible regions (Fig. S1A ). Based on gel filtration chromatography, it had a native molecular mass of about 35 kDa, consistent with it being a homodimer (Fig. S1B) . We next obtained crystals of selenium-methionine-labeled Mad1 CTD that diffracted to 1.75 Å and determined the structure of Mad1 CTD by the single wavelength anomalous dispersion (SAD) method (Table S1 ).
Mad1 CTD is indeed a homodimer and contains a coiled-coil stem and a globular head (Fig. 1B) . Each monomer folds into a long helix (αA), a four-stranded antiparallel β sheet, a short helix (αAB), and 2 C-terminal helices (αB and αC) ( Fig. 1 B and C) .
The N-terminal segments of two αA helices (one from each monomer) form the stem. αC and the C-terminal end of αA mediate the dimerization of the globular head. The fold of Mad1 CTD was strikingly similar to those of the kinetochore-targeting C-terminal domains of Spc25 (a subunit of the microtubule-binding Ndc80 kinetochore complex) and Csm1 (a subunit of the yeast monopolin complex) (Fig. 1 B and C) (22) (23) (24) . This fold was also related to those of the RWD (RING finger-, WD-repeat-, and DEAD-like proteins) domain and ubiquitin-conjugating enzymes (25, 26) . The fold similarity between Mad1 CTD and the CTDs of Spc25 and Csm1 was unexpected, as they share no obvious sequence similarity. Both CTDs of Mad1 and Csm1 form homodimers while Spc25 forms a heterodimer with the CTD of another Ndc80 subunit Spc24. Spc24 CTD is topologically related, but not identical, to Spc25 CTD (22, 23) . The Mad1 CTD homodimer is thus structurally similar to the Spc25-Spc24 CTD heterodimer and to the Csm1 homodimer (Fig. 1B) .
Mad1 Has Multiple Quasi-Independent Kinetochore-Binding Interfaces. The globular CTD heterodimer of Spc25 and Spc24 mediates the kinetochore targeting of the Ndc80 complex through interactions with the Mis12 complex (23, 27) . Similarly, the globular CTD homodimer of Csm1 has also been shown to bind to kinetochores and interact with both the Mis12 complex and CENP-C (centromere protein C) (24) . The unexpected structural similarity between Mad1 CTD and well established kinetochoretargeting domains prompted us to test whether the CTD was indeed involved in kinetochore targeting of human Mad1. On the other hand, previous studies had shown that the N-terminal domain of Xenopus Mad1 was critical for kinetochore targeting (19) . To systematically define the kinetochore-binding domains of human Mad1, we created truncation mutants of Myc-Mad1-5A and examined their kinetochore localization using immunofluorescence (Fig. 2) . Overexpression of Mad1 caused spindle checkpoint defects by titrating free Mad2 ( Fig. S2 A and B) (19), hindering our detection of ectopically expressed Mad1 protein at kinetochores. We thus created a Mad1-5A mutant with the MIM mutated to alanines. Myc-Mad1-5A no longer had detectable binding to Mad2, even though it formed mixed dimers with the endogenous Mad1 (Fig. S2C) . Overexpression of Myc-Mad1-5A did not cause strong spindle checkpoint defects. The Mad1 deletion mutants were thus constructed from Myc-Mad1-5A. None of the Mad1 fragments retained full kinetochore-targeting function (Fig. 2 ). Mad1-ΔCTD had about 50% of the kinetochore-binding activity of the full-length Mad1. Additional Mad1 fragments, a, b, and c exhibited weak, but detectable, kinetochore localization. Therefore, Mad1 has an extensive kinetochore-binding interface. The fact that nonoverlapping Mad1 fragments (a/c and b) retain residual kinetochore-targeting activity further suggests that Mad1 has multiple quasi-independent kinetochorebinding domains.
Because Mad1-ΔCTD dimerized with the endogenous Mad1 (Fig. S2C) , the kinetochore signal of Mad1-ΔCTD could conceivably belong to this mixed dimer. The kinetochore signal of MycMad1-ΔCTD was, however, still observed in cells depleted of the endogenous Mad1 by RNAi (Fig. S3) , ruling out this possibility. Mad1 fragments a, b, and c did not dimerize with the endogenous Mad1. The residual kinetochore localization could not be caused by dimerization between the endogenous Mad1 and these fragments.
To confirm the involvement of the CTD in the kinetochore targeting of human Mad1, we next stably transfected GFP-Mad1 or GFP-Mad1-ΔCTD plasmids into HeLa cells and monitored the localization of the GFP-Mad1 fusion proteins using live-cell imaging ( Fig. 3 A and B) . When cells entered mitosis, Mad1 localized to unattached kinetochores (Fig. 3A) . As mitosis progressed, the number of Mad1-positive kinetochore decreased. At metaphase, all kinetochores became attached to spindle microtubules and lacked Mad1 signals. By contrast, GFP-Mad1-ΔCTD failed to localize to kinetochores during any stages of mitosis (Fig. 3B ). Both GFP-Mad1 and GFP-Mad1-ΔCTD were expressed at similar levels (Fig. 3C) . Importantly, GFP-Mad1-ΔCTD retained the ability to localize to nuclear pores in interphase, ruling out global unfolding of GFP-Mad1-ΔCTD (Fig. 3D) . These results validate a role of the CTD in the kinetochore targeting of Mad1 during unperturbed mitosis of human cells.
It was surprising that Myc-Mad1-ΔCTD retained partial kinetochore targeting in fixed cells while GFP-Mad1-ΔCTD was undetectable by live-cell imaging. A possible explanation was that indirect immunofluorescence on fixed cells was more sensitive than live-cell imaging in detecting the kinetochore localization of Mad1. Consistent with this notion, GFP-Mad1-ΔCTD were indeed detectable at kinetochores in fixed cells (Fig. S4 ). Similar to Myc-Mad1-ΔCTD, the intensity of the GFP-Mad1-ΔCTD kinetochore signal was about 50% of that of GFP-Mad1-WT.
Identification of Two Classes of Mad1 CTD Mutants Deficient in Kinetochore Targeting. To further identify residues within Mad1 CTD critical for kinetochore binding, we performed structure-based mutagenesis and mutated conserved residues that had any exposed surface areas. Some of these residues targeted by mutagenesis were mostly buried. We introduced the Mad1 CTD mutations into full-length GFP-Mad1-5A and performed live-cell imaging experiments to examine their kinetochore localization (Fig. 4, Fig. S5 ).
Because T680 had been identified as a Plk1 phosphorylation site in vitro and had been implicated in Mad1 kinetochore targeting (20), we also mutated T680 to alanine even though T680 was completely buried. Contrary to a published report (20) , we observed that the Mad1 T680A mutant retained kinetochore localization. Thus, we did not further pursue a potential regulation of Mad1 kinetochore targeting by Plk1.
Several GFP-Mad1-5A proteins harboring mutations in the CTD indeed failed to localize to kinetochores (Fig. 4, Fig. S5 ). These mutations could be divided into two classes. Class I mutations, including F629A, Y655A, L677A, F682A, and L709A, affected mostly buried hydrophobic residues (Fig. 5 A and B) . Among them, F629, Y655, and L709 were located at the dimer interface. Class II mutations, including R617A, K619A, and R630A, altered surface-exposed residues in the CTD stem (Fig. 5A) .
Mutations of several conserved surface-exposed residues on αC in the globular head, such as E710, F712, R714, and T716, did not affect the kinetochore targeting of GFP-Mad1-5A (Fig. 4,  Fig. S5B ). The top face of the globular head of the CTD was thus unlikely a direct kinetochore-binding surface, as we had originally envisioned. We hypothesized that the class I mutations disrupted the structure integrity or dimerization of Mad1 CTD, indirectly diminishing kinetochore binding of Mad1.
To test this hypothesis, we cotranslated HA-or Myc-Mad1 CTD in vitro in the presence of 35 S-methionine and performed immunoprecipitation with anti-HA beads. The wild-type HAMad1 CTD efficiently pulled down Myc-Mad1 CTD, confirming that the CTD indeed formed dimers in solution (Fig. 5C) . The Myc-Mad1 CTD bands were more intense than the HA-Mad1 CTD bands, because the former contained six copies of the Myc tag and each Myc tag had a methionine. The HA-Mad1 CTD F629A, Y655A, L677A, F682A, and L709A mutants failed to bind to their Myc-tagged counterparts, indicating that these mutants did not form dimers. Among them, HA-Mad1 CTD F629A and L709A were not efficiently translated or pulled down with the anti-HA beads, suggesting that these mutations were more detrimental to the structural integrity of the Mad1 CTD monomer. Therefore, the class I mutations compromise kinetochore targeting of Mad1 by disrupting the dimerization of Mad1 CTD or its structural integrity or both. We note that Mad1-ΔCTD interacts with the endogenous Mad1 (Fig. S2C) , suggesting that the N-terminal coiled coil domain of Mad1 was sufficient to maintain dimerization of the full-length Mad1. In the context of full-length Mad1, the CTD mutations are expected to cause local unfolding or splaying of the C-terminal end of Mad1.
In contrast to the class I mutants, the HA-tagged class II mutants (R617A, K619A, and R630A) efficiently pulled down their Myc-tagged counterparts (Fig. 5C ), indicating that these mutants retained their ability to form dimers. Mutations of these residues reduced kinetochore targeting of Mad1, consistent with them being directly involved in kinetochore binding. R617, K619, and R630 are located at the stem, suggesting that the stem of Mad1 CTD is a direct binding site of the kinetochore receptor of Mad1.
Bub1 Is Required for the Proper Kinetochore Targeting of Mad1. There are two class II residues, R617 and K619, residing in a conserved RLK motif (Fig. 4A) . In yeast, Mad1 forms a complex with Bub1-Bub3 in nocodazole-arrested mitotic cells, but not in interphase cells (21) . Interestingly, the RLK motif in yeast Mad1 is required for the checkpoint-stimulated binding between Mad1 and Bub1-Bub3. Cells harboring a Mad1 mutant with this motif mutated are deficient in the spindle checkpoint. The biochemical functions of the Mad1-Bub1-Bub3 interaction are unclear, however. Our results now reveal a requirement of the conserved RLK motif of Mad1 in kinetochore targeting, suggest an underlying basis for the checkpoint defect caused by the mutation of this motif in yeast, and further implicate Bub1 or its associated proteins as conserved kinetochore receptors of Mad1.
There had been conflicting reports in the literature on the requirement of Bub1 in the kinetochore targeting of Mad1 in human cells (28, 29) . We therefore examined whether Bub1 was required for Mad1 kinetochore localization during unperturbed mitosis of human cells, using live-cell imaging. In cells transfected with the control siRNA, GFP-Mad1-5A localized normally to kinetochores during mitosis (Fig. S6A) . Depletion of Bub1 by RNAi greatly reduced the kinetochore localization of GFP-Mad1-5A. Depletion of Bub1 also diminished the kinetochore localization of the endogenous Mad1 in fixed HeLa cells (Fig. S6B) . Despite the near complete depletion of Bub1 (Fig. S6C) , the intensity of Mad1 staining at the kinetochore was only reduced to about 50% of that in control cells (Fig. S6D) . The reduction of Mad1 staining at the kinetochores was not observed in cells stably expressing RNAi-resistant mCherry-Bub1 (Fig. S7) , indicating that the observed effect of Bub1 RNAi was Bub1-dependent. Thus, Bub1 is required for proper kinetochore targeting of Mad1 in human cells, but it is not the sole kinetochore receptor of Mad1.
If Bub1 targeted Mad1 to kinetochores through an interaction with the RLK motif in the CTD, Bub1 depletion should not further reduce the already weakened kinetochore localization of the RLK-motif mutants. Indeed, depletion of Bub1 significantly reduced the kinetochore localization of Myc-Mad1, but not that of Myc-Mad1 R617A (Fig. 6 ). This result placed Bub1 and Mad1 CTD in the same pathway for targeting Mad1 to kinetochores, and strongly implicated Bub1 as a kinetochore receptor for the CTD.
Discussion
The unexpected structural similarity between the CTD of Mad1 and the kinetochore-binding CTDs of Spc25 and Csm1 has led us to identify a role of Mad1 CTD in kinetochore targeting. The Mis12 complex is the kinetochore receptor of the Spc25-Spc24 dimer (27, 30) . Csm1 interacts with both the Mis12 complex and CENP-C. The lack of apparent sequence similarity between the CTD of Mad1 and those of Spc25 and Csm1, however, suggests that they may not share the same kinetochore receptor. Furthermore, depletion of Ndc80 in human cells diminishes Mad1 kinetochore localization without affecting the kinetochore localization of the Mis12 complex (7, 31) . The Mis12 complex is thus unlikely the direct kinetochore receptor of Mad1 CTD.
In yeast, Mad1 forms a mitosis-specific interaction with the Bub1-Bub3 complex (21) . This interaction requires an RLK motif within Mad1 CTD. Cells harboring a Mad1 mutant with its RLK motif mutated are checkpoint deficient. Strikingly, we have shown here that the same RLK motif in the CTD is required for proper kinetochore targeting of Mad1 in human cells. Furthermore, depletion of Bub1 reduces the kinetochore localization of human Mad1. More importantly, Bub1 depletion does not further reduce the kinetochore localization of the Mad1 R617A mutant, suggesting that Bub1 and the RLK motif of Mad1 act in the same pathway to target Mad1 to kinetochores. These results strongly implicate Bub1 as a conserved kinetochore receptor for Mad1 CTD.
Unfortunately, despite extensive efforts and contrary to a previous report (32), we have failed to detect a physical interaction between human Mad1 and Bub1 either in cells or in vitro. Several nonoverlapping Mad1 fragments retain residual kinetochore targeting, indicating that Mad1 has an extensive kinetochore-binding surface with multiple quasi-independent contacting points. Consistently, depletion of Bub1 does not abolish Mad1 kinetochore localization. We propose that Mad1 forms contacts with multiple kinetochore proteins, one of which involves an interaction between Bub1 and Mad1 CTD, either directly or indirectly (Fig. 7) . Because the Mad1 e fragment containing the CTD is insufficient for kinetochore binding, the interaction between Mad1 CTD and human Bub1 on its own might be too weak to be detected.
In yeast, a C-terminal fragment of Mad1 is sufficient for kinetochore localization and checkpoint signaling (18) . Binding between yeast Mad1 CTD and Bub1-Bub3 thus makes a more substantial energetic contribution to the Mad1 kinetochore localization and hence might have higher affinity, allowing its detection. Another nonexclusive possibility is that Bub1 as a part of a larger kinetochore complex serves as the receptor for Mad1. The integrity of the Bub1-containing complex might be preserved in yeast cell lysates, but not in human cell lysates, explaining why the Bub1-Mad1 interaction is only observed in yeast.
The kinetochore binding of several checkpoint proteins, such as Bub1, BubR1, and Mps1, can be attributed to small, defined domains (33) (34) (35) . By contrast, Mad1 uses an extensive, multivalent binding surface to interact with kinetochores. This mode of kinetochore targeting by Mad1 is unusual and has important implications for checkpoint signaling. In particular, this mechanism rationalizes the graded targeting of Mad1 to kinetochores under different conditions that activate the checkpoint. For example, the concentration of Mad1 at attached but untense kinetochores in Taxol-arrested mitotic human cells is much lower than that at unattached kinetochores in nocodazole-treated cells. Yet, the mitotic arrest of Taxol-treated cells is still dependent on Mad1-Mad2, suggesting that a small amount of Mad1 at the kinetochores is sufficient to sustain the checkpoint. A similar situation exists in cells depleted of the Ndc80 complex (7) .
It is unclear whether the checkpoint-competent, reduced Mad1 kinetochore targeting under these conditions is caused by a distributive, uniform decrease of binding energy across the entire kinetochore-binding interface of Mad1 or by the selective disruption of a subset of discrete interactions between Mad1 and its kinetochore receptors. The current study has laid the foundation and provided the necessary tools for future experiments that will differentiate these two possibilities and establish how Mad1 integrates upstream checkpoint signals. 
Materials and Methods
Protein Purification, Crystallization, and Structure Determination. Recombinant human Mad1 597-718 was expressed in bacteria and purified with a combination of affinity and conventional chromatography. The seleno-methionine labeled Mad1 597-718 was produced using the methionine biosynthesis inhibition method (36) . Mad1 597-718 was crystallized at 20°C using the hangingdrop vapor-diffusion method with a reservoir solution containing 0.1 M sodium cacodylate (pH 6.2), 26% (wt∕vol) PEG 1500 and 1 mM reduced Lglutathione. All diffraction data were collected at the Advanced Photon Source and processed with HKL3000 (37). Phases were obtained from a selenium-SAD experiment. Phenix was used to identify the selenium sites, calculate density-modified experimental maps, and build the initial model (38) . Additional model building and refinement were performed with COOT (39) and Phenix. MolProbity was used for structure validation and indicated that all residues were in the Ramachandran favored/allowed regions (40) . Data collection and structure refinement statistics are summarized in Table S1 . Details are included in SI Text.
Cell Culture and Transfection. HeLa Tet-On (Clontech) cells were grown in Dulbecco's modified Eagle's medium (DMEM; Invitrogen) supplemented with 10% fetal bovine serum (FBS). Plasmid and siRNA transfections were performed with the Effectene reagent (Qiagen) and Lipofectamine RNAiMAX (Invitrogen), respectively. Details are included in SI Text.
Live-Cell Imaging. Cells were grown and transfected in 6-well plates. At 20-24 h after transfection, cells were passaged onto chambered coverslips (LabTek), incubated with 2 mM thymidine (Sigma) for 14-16 h, and released into fresh media for 4-6 h prior to taking images. Differential interference contrast (DIC) and GFP fluorescence images were obtained at 5-min intervals with a DeltaVision deconvolution fluorescence microscope (Applied Precision). Details are included in SI Text.
Immunofluorescence, Immunoprecipitation, and Immunoblotting. For interphase Mad1 localization, HeLa Tet-On cells were directly grown in 4-well chambered slides (LabTek) and stained with the appropriate antibodies. For mitotic Mad1 localization, cells were grown in 6-well plates and incubated with 500 nM nocodazole (Sigma) for 16-18 h. Mitotic cells were harvested by shake-off, resuspended in hypotonic solution (55 mM KCl), spun onto slides with Shandon Cytospin 4 (Thermo Fisher), and stained with the appropriate antibodies. Details of staining procedure, image acquisition, and quantification are included in SI Text. Standard procedures were used for immunoprecipitation and immunoblotting. Details are included in SI Text.
In Vitro Binding Assay. To assay Mad1-CTD dimerization, same amounts of plasmids encoding Myc-or HA-tagged Mad1-CTD WT or point mutants were translated in reticulocyte lysate in the presence of 35 S-methionine. Affi-Prep protein A beads (Bio-Rad) covalently coupled to α-HA monoclonal antibodies (Roche) were incubated with 35 S-labeled Mad1-CTD, and washed three times with Tris-buffered saline (TBS) containing 0.05% Tween. The bound proteins were separated by SDS-PAGE and analyzed with a phosphor imager (Fujifilm).
Note. A recent study by Schmitzberger and Harrison (EMBO Reports, 13, [216] [217] [218] [219] [220] [221] [222] 2012) shows that the centromere proteins CENP-O and CENP-P also contain RWD domains, suggesting that this domain might be a common module for kinetochore architecture.
